Abstract. Rapid synthesis of poly[(pyrrole-2,5-diyl)-co-(benzylidene)] was achieved under microwave irradiation via the condensation of pyrrole and benzaldehyde in 1,2-dichloroethane using acid exchanged montmorillonite clay called Maghnite-H + (Mag-H + ) as an efficient catalyst. The effect of the amount of catalyst and of time on the polymerization yield and on the viscosity of the polymers was studied. Compared with conventional static interfacial polymerization, the microwaveradiation polymerization reaction proceeded rapidly and was completed within 35 s. The conjugated polymer was characterized by means of 1 H-NMR, X-ray diffraction, FT-IR spectroscopy and AFM. The X-ray data showed the presence of a backbone form of the [(pyrrole-2,5-diyl)-co-(benzylidene)] formed.
Introduction
Among conducting electroactive polymers, polypyrrole and its derivatives have received a great deal of attention due to its high electrical conductivity, good environmental stability, relative ease of synthesis and good redox reversibility. These properties are favourable to its applications in the areas of secondary batteries, electrocatalysis, electrochromic display devices, light-emitting devices, chemical sensors and biosensors [1] [2] [3] [4] [5] . However, polypyrrole and other conducting electroactive polymers are limited in practical use due to their very fragile structure and insolubility, which give rise to processing difficulties [6, 7] . Several approaches have been taken to improve processability of conducting polymers [8] [9] [10] [11] . One effective method is to introduce insulating polymeric matrices into them due to the excellent processability of classical insulating polymers [12] [13] [14] [15] [16] [17] [18] . This can be achieved by blending, composite formation or copolymerization. Copolymerization could be a desirable way because the chemical linkage between the insulating matrix and the conjugated polymer can improve the chemical stability of the polymer [17, 18] . The resulting copolymers with new functional groups showed different properties from polypyrrole homopolymer, which probably widen the application of conducting polymer. Several kinds of copolymers containing pyrrole and other insulating units, such as styrene, tetrahydrofuran, methyl methacrylate, ε-caprolactone, acryloyl chloride, etc., have been prepared and studied [18] [19] [20] [21] [22] [23] . All results showed the success in improving the mechanical and physical properties of polypyrrole. However, these synthetic methods contained many steps and strict condition, leading to limited application of these copolymers. A simple and alternative way is direct electrochemical copolymerization of monomers present in the mixture in proper solution [24] [25] [26] . Recently, an Algerian proton exchanged montmorillonite clay called Maghnite-H + (Mag-H + ), a new non toxic cationic initiator, was used as a catalyst for cationic polymerization of a number of vinylic and heterocyclic monomers [27] [28] [29] [30] .
In the present work, we present a new approach to design poly[(pyrrole-2,5-diyl)-co-(benzylidene)] (PPCB) in one shot, namely by the condensation of pyrrole and benzaldehyde catalyzed by Mag-H + (Figure 1 ). In contrast to most of the other conductive polymers, PPCB is a soluble polymer in common organic solvents. The catalyst can be easily separated from the polymer product and regenerated by heating at a temperature above 0°C [15] . The effects of different synthesis parameters, such as the amount of Mag-H + , monomer, pyrrole, and benzaldehyde are discussed.
Experimental

Materials
Pyrrole was purchased from Aldrich Chemical Co. and distilled under reduced pressure. Dichloromethane and benzaldehyde were used as received. AFM imaging was performed on Hitachi 530 microscope (Digital Instruments) using a 10 μm× 10 μm piezoelectric scanner. Images were collected using tapping mode AFM (TM-AFM) because it is particularly well adapted to soft samples due to a nearly complete reduction of lateral forces. Silicon tips with a spring constant of 42 N·m -1 and a resonance frequency of approximately 320 kHz were used in tapping mode. To minimize the forces of interaction between the tip and samples, the ratio of the set point amplitude and the tip free amplitude was maintained at 0.9 ('light tapping'). The preparation technique was made by a drop deposition; a 5 μl sample was pipetted directly onto the mica surface. The molecular structure of the polymer was characterized by FT-IR spectroscopy (Perkin-Elmer System). As a source of microwave irradiation, we used a Galanz domestic microwave oven (2450 MHz, 800 W) device. UV spectra were obtained by an OPTIZEN 2120 UV-Vis spectrometer using the dichloromethane solution of polymers with a concentration of 0,00125 mg/ml. 1 H-nuclear magnetic resonance (NMR) measurements were carried out on a 300 MHz Bruker NMR Spectrometer equipped with a probe BB05 mm, in CDCl 3 . Tetramethylsilane (TMS) was used as the internal standard in these cases. X-ray diffraction (XRD) patterns for Mag-H and poly[(pyrrole-2,5-diyl)-co-(benzylidene)] were obtained on a Philips analytical X-ray diffractometer (Cu anode, 35 kV, 20 mA).
Polymer preparation
In a 50 ml beaker, pyrrole (8 mmol) and benzaldehyde (8 mmol) were dissolved in 10 ml of 1,2-dichloroethane and a chosen amount of Maghnite-H + was added. The weight ratio (Maghnite-H + /Py; BA) was kept constant (at the desired value) in all flask. The mixture was placed in a microwave oven to be irradiated at full power for less than one minute. At the end of the reaction, the resulting mixture was filtered to remove the clay and then slowly added to methanol with stirring and then the polymer was dried under vacuum at room temperature for 24 h.
Results and discussion
Most of the PPCB were found to be soluble in organic solvents such as tetrahydrofuran (THF), CH 2 C1 2 , N,N-dimethylformamide (DMF), and sulfolane. Although polymers have highly conjugated chains due to the high degree of dehydrogenation, they were very soluble in organic solvents such as THF, giving grey solutions of high concentrations. The very good solubility of polymers in spite of their high degree of π-conjugation is due largely to the bulky side groups (φ) at the methane carbon =C (φ) link and also to the low molecular weight to some extent. The UV-Vis absorption was recorded with an OPTIZEN 2120 spectrometer. Figure 2 shows the optical absorption spectra of polymers PPCB in CH 2 Cl 2 solution. The colours of the polymer solution were brown or almost black. The absorption spectra in Figure 2 shows the band in the range of (280-350) nm assigned to the π-π * transition of the aromatic heterocycles since it corresponds to the same band as its precursor, and the band in the range of (370-450) nm is assigned to the π-π * transition.
In 1 H-NMR spectrum (Figure 3 ), the characteristic methine hydrogen resonance at about 4,47 ppm for precursors completely disappeared, but a new proton resonance of 7,2-7,8 ppm was observed, indicating the formation of the quinoid rings in the polymer backbone. The polymers so obtained are readily soluble in common organic solvents, such as chloroform, dichloromethane, THF. Figure 4 presents the FTIR spectrum of PPCB, shows the appearance of a strong absorption at 1693 cm -1 which is attributed to the stretching vibration of conjugated C=C and the stretching vibration of aromatic in phenylene. A distinct peak near 798 cm -1 is due the out of plane vibration C β -H characteristic of the α-linkage in pyrrole rings. The peak at 3431 cm -1 is due the vibration of N-H in pyrrole. The FT-IR spectrum of PPCB is the same as that of poly[pyrrole-2,5-diyl(p-dimethyl amino benzylidene)] synthesized by classical polymerization described in the literature [31] , in which the vibration of the phenylene conjugated C=C and C β -H of the α-linkage in pyrrole rings appeared at 1632 cm -1 and 780 cm -1 respectively. 
X-ray diffraction analysis
Intensity versus 2θ scans of Maghnite (before; Figure 5 and after polymerization; Figure 6 ) and PPCB ( Figure 7 ) respectively indicate the presence of a backbone form of the polymer which generates sharp peaks at a high angle range ~12°-30° (  Figure 7 ). The X-ray peaks of the fresh and the recovered Maghnite-H + did not change. This implies that the original structure was well preserved after polymerization and no delamination of the clay was observed (Figure 6 ). Figure 8 shows the effect of the amount of Mag-H + , expressed by using various weight ratios Mag-H + /monomer, on the polymerization rate. The polymerization was carried out in bulk. As shown in Figure 8 , a yield of 66 wt % was reached for 5 wt% of Mag-H + , and the use of a lower or higher amount of clay caused a decrease of the yield of the reaction. Similar results are obtained by Yahiaoui et al. [32] [33] [34] [35] in the polymerization of epichlorhydrin, propylene oxide and cyclohexene oxide by Mag-H + and the polymerization of styrene by montmorillonite, respectively. This phenomenon is probably the result of the number of 'initiating active sites' responsible of inducing polymerization, this number is prorating to the catalyst amount used in reaction. Figure 9 shows the yield of polymer versus time for polymerization of pyrrole using Mag-H + as catalyst. As the figure shows, polymerization takes place rapidly and smoothly, reaching a conversion of 52% after 32 s. The polymerization yield became constant at that time; this is probably the result of an increase in the medium viscosity.
Effect of the amount of Mag-H +
Effect of time on condensation
Effect of the [benzaldehyde]/pyrrole molar ratio on condensation of benzaldehyde and pyrrole
In the presence of Maghnite-H + and using different [benzaldehyde]/[pyrrole] molar ratios, the condensation was carried out for 35 s with microwave irradiation. Figure 10 shows Figure 10 ). Compared with conventional methods such as interfacial polymerization [36] , microwave-assisted copolymerization was more effective for the preparation of a higher yield, in shorter time (63% in 35 s). The higher yield under microwave irradiation suggested that microwave energy provides a more efficient synthetic route as a consequence of the direct interaction between microwaves and the molecular dipole moments of the reactants. The intrinsic viscosities of the soluble PPCBs shown in Figure 10 , give an indication of the molecular weight. The intrinsic viscosity values, which are in the range 0.9-0.38 dl/g, indicate that the polymers have mostly low molecular weights. The low molecular weights obtained here are comparable to literature reports [37] for the polymers. Typical AFM images of polymers microspheres are shown in Figure 11 . The spheres diameters are in the range of 5 μm. It can be seen that some spheres connect with each other to form dumbbell or calabash structure, as pointed by arrows. We think this phenomen means these spheres' walls are made up of reactive polymers; they can continue to react with each other to form bigger spheres. The mechanism of the formation of PPCBs is under studying.
Conclusions
Maghnite-H + , proton exchanged montmorillonite clay is an effective initiator for the copolymeriza- A novel polymer, poly[(pyrrole-2,5-diyl)-co-(benzylidene)], which has a π-conjugated chain was synthesized by a microwave irradiation catalysed by Maghnite-H + . The resultant polymer showed good solubility in common organic solvents and good film formability. Such results may serve primarily to illustrate a new strategy to increase the solubility of low band gap polymers through the arrangement of different aromatic heterocycles in conjugated polymer backbones. Compared with conventional static interfacial polymerization, the microwave-radiation polymerization reaction proceeded rapidly and was completed within 35 s giving a series of 0.5~5 μm in diameter polymer microspheres.
